I. INTRODUCTION T HE PURPOSE of this paper is to ,describe the techniques for measuring temperature in these planar, simulated, fat-muscle phantoms with a minimally perturbing temperature probe, and to compare these results against measurements made with a thermographic camera. Specifically, we were interested in the differences between the data for the measured heating depth and net power delivered to the applicator (antenna) for a given absorbed power per unit weight in simulated, human muscle tissue.
II. THEORY
Once the microwave-induced temperature rise had been measured, we were able to approximately calculate the absorbed power per unit weight deposited in the phantom tissues. There is no blood flow or metabolic heating present in the synthetic human tissues, since only the electrical properties are simulated for a specific frequency and temperature range. Thus we can write down the heat transport equation UIE12 ( 1) where K is the thermal conductivity of tissue (W/m. "C), T is temperature (°C), p is mass density of tissue (kg/m3 ), C is the specific heat of tissue (W. s/kg. 'C), t is time (s), u is the electrical conductivity of tissue (?J/m), E is the rms electrical field vector (V/m), and Pc is the heat dissipated by convection (W/m3 ). In our analysis we neglected the first term (thermal conduction) on the left-hand side of (l), . These applicators were used to induce heating in a planar fat-muscle phantom with a 2-cm fat layer.
The experimental setup for measuring heating patterns was described in detail in previously published papers and is shown in Fig. 2 [4], [5] . Briefly, for internal heating, the applicator is placed symmetrically on top of the planar phantom. After the phantom has been heated by either of two applicators for 10 s, one half-section of the phantom is quickly removed (to minimize thermal diffusion) so that a thermographic camera can view the internal cross-sectional heating pattern. Photographs of this heating pattern can only be consistently made 40 s after the microwave power has been shut off, because of the time necessary to open and photograph one half-section of the phantom.
B. Minimally Perturbing Temperatur~Probe
The same experimental setup was used, except that the planar, fat-muscle phantom did not have to be separated to obtain real-time temperature measurements both during and after microwave exposure. To accommodate a commercially available 1-mm-diameter temperature probe, a small hole was bored out of the Plexiglas side of the phantom (Fig. 3) . The probe uses high-resistance leads (Fig. 4) , and its sensor is a small bead thermistor [6] , [7] . Table I gives additional specifications of this thermometer [6] , [7] . The thermistor bead was placed at discrete points along the z-axis and the leads lay in the vertical (y-z) midplane in one half-section of the phantom (Fig. 3) F. Nonlinearity +0.012 "C per "C fro" 25 "C down to 22~and -0.012 "C per "C from 25 "C up to 26 "C.
G. For probe and leads aligned with the electric field vector in free space, the ,,n=ar fi~ld!,~icrow=ve heating of the high-resistance leads showed +0.12 "C heating for a 1 "C/rein heating rise in water at 2.0 GHz**; while for a 1 OC/min heating rise with the probe in simulated muscle tissue at 2.0 GHZ, it was 0.01 "c.+..
qMess.red at the Bureau of Radiological Health.
q*Measured by the manufacturer.
.+._re,ePhone conversation~i~h~h~m~"facturer.
surface of the half-section was then covered with a 0.05-mm polyethylene film. The real-time temperature response of the probe to microwave heating was plotted on a chart recorder; from this plot, the temperature rise versus heating time was determined for a constantly applied microwave power level. heating and the The top figure is the ambient profile before microwave heating and the bottom figure is after microwave heating. The horizontal white line on bottom figure is after microwave heating. Again the horizontal white the top figure is the selected scan line for the profile shown in Fig. 6 . line is as in Fig. 5 and the degree of heating is shown by the degree of The degree of heating on the bottom figure is shown by the degree of whiteness. whiteness. 
B. Thermometer Probe Data
The temperature rise" T" versus time "t" was measured in the phantom, with both halves together, at a discrete set of points along the z-axis (Fig. 3) . These temperature measurements were real-time and were performed during and after microwave exposure. The temperature rise, measured at the time (10 s) the microwave field was turned off, was used to calculate the normalized SAR [1], [5] . This thermometer probe has been shown to have a small amount (see Table I ) of radio frequency (RF) resistance-line heating, a finite probe response time, and a small nonlinearity in the temperature response (these small errors were not included in the analysis) [6] , [7] . Normalized SARS along the z-axis (see Fig. 3 Again the depth profile was taken along the selected scan line shown in Fig. 7 Both curves were calculated from temperature measurements made at discrete points along the z-am by a minrmally perturbing temperature probe at two times: immediately after microwave heating ceased ( f = 10 s) and 40 s after microwave heating had ceased. Again, notice the variation in the depth of penetration "d" for the time-delayed normalized SAR curve.
tures measured at the two times varied. These normalized SAR curves are drawn in Figs. 11 and 12. From these two figures, it can be seen that the delayed time curves have shifted to the right, relative to the fat-muscle interface. This shift results in a larger depth of penetration.
In fact, the time-delayed temperature probe data show almost the same depth of penetration "d" as the thermographic data. One would expect a slightly smaller value for "d" as determined by the minimally perturbing temperature probe, because there is less convective and radiative cooling when the phantom is not opened. that the calculated depth of penetration "d" increases with decreasing frequencies for plane wave sources with electrically "large" apertures from 400 to 2450 MHz [4], [12] . Physically, the measured aperture diameter of the 91 5-MHz applicator is almost the same as for the 2450-MHz applicator. The effective aperture diameter might really be one half of the 2450-MHz applicator aperture diameter because of ridge construction.
Thus a possible reason for the low calculated depth of penetration "d" of our 915-MHz applicator compared to our 2450-MHz applicator might be the electrically "small" aperture.
B. The Net Power
For the thermographic measurements, the calculated net powers need to deliver a peak value of 150 W/kg to the muscle material are 2.5 times larger at 915 MHz and 1.8 times larger at 2450 MHz than those measured with the temperature probe. In order to explain this discrepancy we q Therm ograph!c camera: powers 'needed to deliver a peak value of 150 W/kg to the muscle material were 1.3 times larger at 915 MHz and 1.1 times larger at 2450 MHz when the 40-s time-delayed data were used rather than the data taken immediately. These discrepancies in the net powers were less than those noted above between the undelayed thermometer data and the 40-s time-delayed thermographic camera data. One possible reason for this is that the thermographic camera measurements were made on an opened phantom, allowing convective and radiative losses, while the temperature probe measurements were not. Table II summarizes the data, including both experimental and theoretical data on another 13-cm by 13-cm rectangular, 915-MHz contact applicator for comparison [12] . VI. CONCLUSION We have shown that there can be large discrepancies in the thermographic measurements compared to minimally perturbing temperature probe measurements if a 40-s time delay exists between cessation of microwave power and the taking of the data. These discrepancies were primarily caused by the time delay in photographing the depth profile, which allows thermal diffusion to reduce the peak heating regions. However, the discrepancies in the depth of penetration "d" result mainly from the profile's definition, since the shape of the heating curve along the z-axis
